Abstract : The purpose of this study is to measure maternal blood lead level (BLL) and cord BLL in Nigeria and to compare Nigerian data with other data. We investigated the association among maternal and cord BLLs, and some anthropometric parameters of their babies. BLL was measured in the umbilical and maternal blood samples (using inductively coupled plasma / mass spectrometry (ICP-MS)) of 119 women who delivered at three different hospitals in Nnewi, South Eastern Nigeria. Anthropometric variables of the babies (head circumference, abdominal circumference, birth weight, birth length, crown rump length) were measured. Lead was detected at >10 μg/l in 10.9 percent of the maternal and 3.4 percent of the cord blood samples. The maternal BLL was 6.19 ± 2.77 (mean ± SD) μg/dl while cord BLL was 4.75 ± 2.59 (mean ± SD) μg/dl. With the exception of cord BLL and crown rump length positive correlation (R=0.204, P=0.026), neither the maternal nor the cord BLL showed any significant association with any of the childrenʼs anthropometric parameters.
Introduction
Preventive public health measures have been undertaken in many high-income countries in the last two decades to decrease lead exposure; consequently, the average blood lead levels (BLLs) have significantly decreased in the last twenty years among the general population. Developmental exposures to environmental chemicals have become an important public health concern because of their possible toxic impact on sensitive development and programming of organ functions [1] . In utero environmental exposures can have long term consequences on health and development. Prenatal life is considered to be the most sensitive stage of human development due to the high degree of foetal cellular division and differentiation [2] . Also, due to the differences compared to the adult in many biochemical pathways, foetuses are highly susceptible to teratogens, typically at low exposure levels that do not harm the mother [3] . Lead is a pervasive neurotoxicant, and young children and foetuses are at particular risk of exposure [4] . BLLs are related to diverse health effects, presumably because there are exchanges with lead in critical target tissues, such as the brain, bone, erythroblasts and kidney. Lead interferes with signal transmission at the synapse and with cellular adhesion molecules, causing disruption in cell migration during critical times of the nervous system development [5] . In Zamfara State, northwest Nigeria, the death of at least 400 children was associated with lead poisoning, a tragedy which Human Rights Watch (HRW) described as the "worst lead poisoning epidemic in modern history" [6] . In view of the ubiquity of lead in various environmental matrices [7] and the public health importance in Nigeria [8] [9] [10] , the recognition and inclusion of lead assay in the diagnosis of metabolic disorders has been advocated. Studies have demonstrated that lead is released from the maternal skeleton during pregnancy and lactation in humans [11] [12] . These toxins are transferred to the infants via the placenta during pregnancy and breast milk during lactation, and most severely affect the newborns at a time of rapid development of the central nervous system [13] . Recent epidemiological studies have emphasized the importance of continued monitoring of BLLs prenatally and during early infancy because of the link between BLLs (at even moderate and low concentrations) and neurological effects [14] [15] [16] [17] [18] . High cord blood lead has been reported to be a negative predictor of a childʼs birth weight, length and head circumference, indicating that lead might have a negative influence on growth in children even at very low exposure levels [19] . Lead intoxication during organogenesis exhibits a significant decrease in the fetal crown-rump length in an animal model [20] . Several studies have shown an association between high BLLs and poor pregnancy outcome [21, 22] . It has been suggested that during pregnancy there is no threshold for the adverse consequences of lead on the subsequent mental development of the child [7] . The purpose of this study is to measure and compare the maternal and cord BLLs with a view to comparing the Nigerian data with other data. We have also investigated the association between maternal and cord BLLs and some anthropometric parameters of their babies. Understanding the extent and correlations of current prenatal exposure to lead is a key step in designing and implementing targeted public health actions to protect fetal health.
Subjects and Methods

Study population
The study population was 119 pregnant women who agreed to participate in the project. The eligibility criteria to participate in the present study were as follows: living in the study area Nnewi, South Eastern Nigeria for at least 5 years; aged 18 to 40 years; singleton; and no report of diabetes, hypertension, or preeclampsia.
Women were recruited at the 3rd trimester of pregnancy and followed up until delivery. Nnewi is situated in the south of Eastern Nigeria and is a semi-urban settlement estimated to have a population of 204,000 inhabitants. Although government records show about forty medium-scale industries, virtually all motor and motorcycle parts of all brands can be repaired or reconstructed in this city in make-shift cottage factories.
Sampling
Lead exposure
Maternal and cord blood were collected by midwives following a common aseptic procedure from August 2010 to August 2011. Maternal and cord blood (10 ml ) were collected by adequately trained nurses -in the act of phlebotomy -via venepuncture, using metal free syringes into a trace metal-free cryovial that contained ethylenediaminetetraacetic acid (EDTA) as anticoagulant. Blood samples were processed, separated into aliquots of 1ml, then frozen to -80 o C and transported by trained personnel to the laboratory at the University of Michigan, USA. The one hundred and nineteen women who participated in this study signed informed consent forms of the University of Michiganʼs School of Public Health and Nnamdi Azikiwe University Teaching Hospital Ethical Committees. All blood samples were stored at -80 o C and then thawed and stored at 4 o C until analysis. Prior to analysis, 250 μl of blood samples were digested with 500 μl of concentrated nitric acid (70% nitric acid; Optima grade, Fisher Scientific) overnight at room temperature. The following morning, 250 μl hydrogen peroxide (30% Suprapur grade, Sigma-Aldrich) was added to each digest and allowed to sit overnight at room temperature before diluting to 5 ml into acid washed propylene sample vials (13 mm×100 mm). Quality 
Laboratory methods
The blood samples were analyzed by the method described previously [23] . One milliliter aliquot of each sample was diluted to a known volume with a mixture containing 0.1% aqueous Triton X-100, 0.1% ammonium phosphate (NH 4 H 2 PO 4 ), and 1 mg/ml of sodium heparin. The dilution and handling of the samples was done following the ultra-clean lab procedure developed for water samples with very low lead levels [24] . In particular, all the lab-ware that came into contact with the sample was carefully decontaminated using the procedure described by Nriagu et al [24] . The lead content of each sample was determined using an Agilent 7500c series inductively coupled plasma/mass spectrometer (ICP-MS) equipped with a collision cell. Instrumental operating conditions recommended by the manufacturer were used. The blood samples diluted with the chemical cocktail in the sample tubes were injected into the instrument without further modification. Each batch of 12 blood samples analyzed included a reagent blank (diluent with no blood), a duplicate sample and a standard reference blood sample (NIST) 1640 mixed with the diluent. The day-to-day acceptance criterion for the precision of instrumental measurement was set at 73%. The method detection limit, calculated as three times the standard deviation for the reagent blanks, was 0.2 μg/dl. Lead was detected in all the blood samples analyzed by the instrumental method used in the study. Replicate analyses of several samples indicate the range of error to be ± 10% for all the blood lead data presented.
Measurement of anthropometric parameters
Standard instruments (weighing balance and fiberglass measuring tape) were used for the anthropometric assessment. Anthropometric variables (head circumference, abdominal circumference, birth weight, birth length, crown rump length) were measured on the newborns.
Statistical analysis
Distribution of all variables was examined for normality. The correlations between lead levels and variables were examined by calculating Pearsonʼs correlation coefficient. Bivariate and multivariate analyses were conducted to examine the associations between anthropometric parameters and maternal and cord BLLs.
Results
The lead concentrations in the cord and maternal blood samples, and the percentage prevalence of BLL above maximum permissible level 10 μg/dl are shown in Table 1 . The maternal BLL was 6.19 ± 2.77 (Mean ± SD) μg/dl while the cord BLL was 4.75 ± 2.59 (Mean ± SD) μg/dl. Using an independent sample t-test, we compared the mean lead concentration in the maternal blood with that in the cord blood samples. The result indicated that the maternal mean blood lead value was significantly higher (P < 0.001) than that of the cord. There was a 10.9% and 3.4% prevalence of BLL above maximum permissible level 10 μg/dl in both the maternal and cord BLLs, respectively. The bivariate correlations between the maternal blood lead concentration and the childrenʼs anthropometric parameters, and the bivariate correlations between the cord blood lead concentration and the childrenʼs anthropometric parameters at birth are shown in Tables 2 and 3 , respectively. No significant associations were observed between the mothersʼ lead concentration and all the childrenʼs anthropometric variables at birth. There were also no significant associations (P < 0.05) between the cord blood lead concentration and the childrenʼs anthropometric variables (head circumference, abdominal circumference, weight, length) at birth. However, the cord blood lead concentration indicated a significant association with crown rump length at birth (R = 0.204, P = 0.026), as shown in Table 3 . The comparative analysis of cord BLLs in the literature (μg/dl) with values obtained in the present study are shown in Table 4 . The mean and geometric mean cord BLLs in the 119 women were found to be 4.75 ± 2.59 and 4.26 μg/dl, with median, min and maximum levels of 4.27, 1.09, and 21.0 μg/dl, respectively. 
Discussion
The present study investigated the prenatal burden of exposure to lead at delivery by measuring the maternal and cord blood levels of lead. The maternal BLL was 6.19 ± 2.77 (mean ± SD) μg/dl while cord BLL was = 4.75 ± 2.59 (mean ± SD) μg/dl. This result indicated that the maternal mean blood lead value was significantly higher (P < 0.001) than that of the cord, with a 100% prevalence of BLL above maximum permissible level 10 μg/dl in both the maternal and cord BLLs. With the exception of a positive association of cord BLL and crown rump length positive correlation, neither the maternal nor the cord BLL showed any significant association with any of the childrenʼs anthropometric parameters (head circumference, abdominal circumference, weight, length) at birth. The Centre for Diseases Control [25] recommended a follow-up of children above a BLL threshold of 10.0 μg/dl, and a concentration of 10.0 μg/dl is defined as the threshold for which a medical intervention is required. According to the French National Institute of the Health and the Medical Research [26] , prevention and medical follow-up should be envisaged from a BLL of 10.0 μg/dl. There is currently a growing concern about the threats to pregnancy outcome or adverse effects in children at levels lower than the international guidelines [27, 28] . High lead levels are known to cause neurobehavioral effects in infants and children, and the cumulative effects of low levels of lead exposure in utero and after birth can have similar detrimental effects [29] . Jedrychowski and co-workers showed that a prenatal cord BLL below 16.7 μg/dl could result in a development delay in infants by about 20% at age 6 months [15] . The children of the women who participated in this study may be observed for developmental delays and require medical assistance. Since this practice of observance of developmental delays is seldom, especially in semi-urban areas, these children born to mothers with high cord BLL in this community may be left to grow up with deficits. Mattison suggested that the impact of environmental exposures on pregnancy outcome or development may have no threshold, and the only reasonable approach is to keep exposure as low as possible [30] . The present result indicated that there were no significant associations between cord BLL and some anthropometric variables such as head circumference, abdominal circumference, birth weight and birth length, but there was a significant association with crown rump length at birth (R = 0.204, P = 0.026). Lead administered through drinking water from the 6th to the 14th day of gestation in iron-deficient rats resulted in a significantly reduced crown-rump length [31] . In a study conducted on a group of 106 Swedish women, the median placental concentration of lead was 26 nmol/kg (range 0-630 nmol/kg). The lead levels in the cord blood were almost the same as in the maternal blood. Statistically significant negative associations were found between cord blood lead on one hand, and childʼs length and head circumference on the other [19] . Cord blood lead has been shown to be a negative predictor of a childʼs birth weight, length and head circumference, indicating that lead might have a negative inf luence on growth in children even at very low exposure levels [19] .
In pregnant women and fetuses, it is established that lead reduces fertility [32] and readily crosses the placental barrier, provoking spontaneous abortion, stillbirth [33] [34] [35] , preterm delivery, and low birth weight [32, 36] . It has been found that cord BLLs were significantly and negatively associated with a newbornʼs head circumference. However, maternal BLL has also been found to show no association with birth weight, recumbent length, or head circumference, as in our study [37] . The 100% presence of lead in maternal and cord blood seen in this study is similar to a study conducted on 1578 women who delivered at the Al-Kharji King Khalid Hospital in Saud: Arabia between 2005 and 2006, where lead was detected in all cord and maternal blood and in 96% of placental tissues [2] . Durska [38] reported the detection of cord and maternal BLL in 78 and 33% of mothers, respectively, while Butler and his colleagues reported that lead was detected in 95% of cord blood samples in 407 cord blood samples analyzed [39] .
The cord BLLs found in other countries such as China, Mexico, India, Israel, Pakistan, Tanzania, Turkey, Spain, Belgium and indeed other countries were in general lower than the levels obtained in the present study [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] .
Endogenous lead exposure is an important independent predictor of adverse health outcomes, such as: cognitive decline [56, 57] , cardiovascular disease [58, 59] , and decreased fetal growth [22, 60, 61] . Jedrychowski and coworkers [15] showed that a prenatal cord blood lead level below 16.7μg/dl could result in a development delay in infants by about 20% at age 6 months.
In a Belgian study involving migrant mothers from Sub-Saharan Africa, increased risk of lead exposure and high cord blood lead concentration similar to our study have been reported [54] . The weaknesses of our study are the non-inclusion of factors associated with lead exposure and the lack of follow-up of women who had elevated lead levels by investigating the details related to their diet, lifestyle and cultural habits. In Nigeria, human exposure to lead can occur through various sources such as leaded gasoline, industrial processes such as lead smelting and coal combustion, artisanal mining, electronic wastes, leadbased paints, lead-containing pipes or lead-based solder in water supply systems, battery recycling, grids and bearings, herbal medications, etc [62] .
Lead inhibits the cytosolic δ-aminolevulinic acid dehydratase (ALAD), mitochondrial aminolevulinic acid synthetase (ALAS), and ferrochelatase [63] , but its effect on ALAD is more profound and its inhibition has been used clinically to gauge the degree of lead poisoning. Inhibition of ALAD results in the accumulation of aminolevulinic acid, detectable in the plasma and urine even at BLLs of less than 10 μg/dl. Although ALAD inhibition is first noted at BLLs of 10-20 μg/dl, heme biosynthesis does not decrease until the activity of ALAD is inhibited by 80-90%, which occurs at a much higher blood lead concentration of about 55 μg/dl [64] . Renal dysfunction occurs mostly at high levels of lead exposure (> 60 μg/dl) but damage at lower levels has also been documented (~10 μg/ dl) [65] . Chronic and acute lead intoxication cause cardiac and vascular damage with likely lethal consequences, including hypertension and cardiovascular disease [59] . Low level lead exposure can contribute to hypertension in both animals and humans [66] . The reproductive health implications of lead tend to be more pronounced in women, with infertility, miscarriage, premature membrane rupture, pre-eclampsia, pregnancy hypertension and premature delivery as likely signs [67, 68] . The high maternal and cord BLLs seen in this study may lead to increased incidence and prevalence of pregnancy hypertension in Eastern Nigeria, as has been reported by other workers [69] . Although exposure to low or moderate lead levels does not produce a marked loss of immune cells, subtle lead-related changes in the immune cell population can be functionally harmful. Jedrychowski et al 2011 [70] showed that it is prenatal exposure rather than the postnatal BLLs that is more important in enhancing sensitization to common aeroallergens. Epidemiologic observations on urban, industrial pollution across eastern Germany strongly suggest that the exposure to metal-rich pollutants may largely account for regional differences in prevalence of allergic sensitization in children [71] . The differences correlate with several-fold higher levels of these metal presences in fine particulate matter [72] . [68] . One limitation of this study is that we were unable to collect biological specimens from the fetuses or babies. Future studies should examine maternal as well as fetal serum levels. Further, it would have been preferable to have additional information about potential exposure sources of lead, e.g., dietary consumption, house dust levels of lead, and selenium, and additional measures of nutritional status, especially iron, calcium and zinc.
The presence of lead in both maternal and cord blood in excess of 10 μg/dl is of public health importance. The safety threshold proposed by the WHO is a subject of debate [68] since adverse neurological effects at low level lead exposure below10 μg/dl have been described. Hence, the importance of conducting prospective studies has been suggested by other workers [53] .
Biomonitoring of blood lead in pregnant women in Nigeria should be considered relevant in healthcare management, public health decision making, and possible primary prevention activities. There is a need to study the toxicological implications of chronic lowlevel exposure to heavy metals from African markets. A multidisciplinary approach composed of pediatricians, physicians, toxicologists, chemists and social workers is recommended to address metal pollution in Nigeria. This specialized centre managed by this team of experts will handle all cases of people with blood lead level more than 20 μg/dl. They will study the residential environment, possible sources of lead exposure and socioeconomic and housing conditions. As acceptance of human biomonitoring as a vital tool in assessing and evaluating the past, current and future inf luence of the environment on human beings, it is essential that these biomonitoring studies be performed in a fast, reliable and cost-effective manner. In Nigeria, patchy human biomonitoring (HBM) data amidst absence of national reference values, mainly in areas polluted with lead, has been collected over the last few years. The future of biomonitoring in Nigeria lies in extending such programs to measuring exposures in the general population, increasing international collaboration in this field, developing analytical capacity and expertise, and increasing the use of human biomonitoring studies in forming and evaluating environmental health policy, as is obtainable in the US and other developed nations.
